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ABSTRACT

The I locus of the common bean, Phaseolus vulgaris, controls the development of four different pheno-
types in response to inoculation withBean commonmosaic virus,Bean commonmosaic necrosis virus, several other
related potyviruses, and one comovirus. We have generated a high-resolution linkage map around this
locus and have aligned it with a physical map constructed with BAC clones. These clones were obtained
from a library of the cultivar ‘‘Sprite,’’ which carries the dominant allele at the I locus. We have identified
a large cluster of TIR–NBS–LRR sequences associated within this locus, which extends over a distance
.425 kb. Bean cultivars from the Andean or Mesoamerican gene pool that contain the dominant allele
share the same haplotypes as revealed by gel blot hybridizations with a TIR probe. In contrast, beans with
a recessive allele display simpler and variable haplotypes. A survey of wild accessions from Argentina to
Mexico showed that this multigene family has expanded significantly during evolution and domestication.
RNA gel blot analysis indicated that the TIR family of genes plays a role in the response to inoculations with
BCMV or BCMNV.

MOLECULAR and genetic characterization of a
number of disease resistance (R) genes has in-

creased our understanding not only of their structure
and possible mode of action, but also of their mode of
evolution. Analysis of the deduced amino acid sequence
of R genes has revealed structural motifs that are in-
dicative of a role in signal transduction (Hammond-
Kosack and Jones 1997; Ellis and Jones 1998; Dangl

and Jones 2001) and that suggest the existence of con-
served pathways used by plants to trigger defense re-
sponses (Bent 1996; Dangl and Jones 2001; Staskawicz

et al. 2001). In addition, genetic and molecular analysis
of R loci have shown varying degrees of complexity. For
instance, in Arabidopsis thaliana the Rpm1 locus has one
copy of a coiled-coil–nucleotide binding site–leucine rich
repeat (CC–NBS–LRR) R gene in plants that are resistant
to Pseudomonas syringae, but this copy is deleted in
susceptible plants (Grant et al. 1995). In flax, while the L
locus comprises a single copy of a Toll/interleukin-1
receptor (TIR)–NBS–LRR R gene with �13 alleles, the
M locus encompasses �15 copies in tandem, but only

one of these is responsible for resistance to a particular
race of the rust pathogen (Anderson et al. 1997). There
are six copies of a serine/threonine protein kinase se-
quence in the resistance allele of the Pto locus of to-
mato, but only five copies in the susceptible allele in
which the copy that confers resistance to Pseudomonas
is missing (Martin et al. 2003). Variation in copy num-
ber of R clusters and in the rate of amino acid substitu-
tions led Michelmore and Meyers (1998) to propose a
‘‘birth-and-death’’ mode of evolution for R genes, sim-
ilar to that observed in vertebrate gene clusters involved
in immunity responses (Nei and Hughes 1992), but
with emphasis on divergent selection. At the population
level, the coexistence of ancient resistance and suscep-
tibility alleles has led to the rejection of the ‘‘arms-race’’
hypothesis for the evolution of plant-pathogen interac-
tions in favor of a ‘‘trench-warfare’’ hypothesis where
these alleles are maintained by a mechanism of balancing
selection (Stahl et al. 1999; Van der Hoorn et al. 2002).

The I gene of Phaseolus vulgaris, the common bean,
controls resistance to Bean common mosaic virus (BCMV),
a member of the Potyviridae family. This gene is widely
used in bean breeding programs throughout the world.
This resistance was discovered by Corbett in 1931
(Pierce 1934) and later characterized by Ali (1950) as
a monogenic dominant trait. A more in-depth charac-
terization conducted by Drijfhout (1978) revealed that
the I gene confers temperature-dependent resistance to
a group of BCMV strains (serotype B), but conditions
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development of systemic necrosis in the plant after in-
fection with necrotic strains of BCMV (serotype A) at
any temperature. Serotype B strains can induce systemic
necrosis in I- genotypes at temperatures .30� or when
delivered through a graft with an infected plant. On
the basis of serological and sequence data, serotype A
strains have been reclassified as Bean common mosaic
necrosis virus (BCMNV) (McKern et al. 1992; Mink and
Silbernagel 1992; Vetten et al. 1992).

In a more recent reexamination of I–BCMV inter-
actions, Whitmer-Collmer et al. (2000) demonstrated
that the I allele is incompletely dominant. At 23� and
in a uniform genetic background, Whitmer-Collmer

et al. (2000) showed that each of the genotypic classes
displays a different phenotypic response to inoculation
with a strain of BCMV: I/I shows extreme resistance or
immunity; I/i, hypersensitive reaction; and i/i, systemic
mosaic. The BCMV coat protein was not detected either
locally or systemically when the I allele was present. How-
ever, increasing the incubation temperature to 34� in-
duced a hypersensitive response in plants that carried the
I allele and systemic necrosis in half of the homozygotes
(I/I) and in all of the heterozygotes. At the higher tem-
perature, the BCMV coat protein was detectable at the
inoculation point and systemically in all I-bearing plants.

Furthermore, Fisher and Kyle (1994) have docu-
mented the broad spectrum of specificity displayed by
the I locus. Three distinct responses of I- genotypes to a
group of related potyviruses have been described: (a)
a BCMV-like temperature-dependent resistance to the
Azuki mosaic virus and Blackeye cowpea mosaic virus
isolates of BCMV, Cowpea aphid-borne mosaic virus, and
Watermelon mosaic virus-2; (b) a BCMNV-like temperature-
independent development of systemic necrosis elicited
by Soybean mosaic virus; and (c) complete local and sys-
temic resistance against Passionfruit woodiness virus-K
and Zucchini yellow mosaic virus. Dendrobium mosaic virus
has also been added to the BCMV group and falls into
the second group (Hu et al. 1995). Genetic analysis of
2000 F3 families has failed to detect a single recombi-
nant among five of these specificities (Kyle and Dickson

1988; Kyle et al. 1988; Fisher and Kyle 1994). This ob-
servation has raised the question of whether the I locus
has a single gene with broad spectrum resistance or
represents a cluster of resistance genes with suppressed
recombination. More intriguing are the reports that
I-bearing bean cultivars display more severe disease
symptoms, including development of necrosis, than
homozygous recessive cultivars when infected with Bean
severe mosaic virus (BSMV), a member of the Comoviridae
family (Morales and Castaño 1992; Morales and
Singh 1997).

Here we describe the construction and alignment of a
high-resolution linkage map and a physical map of the
region comprising the I locus. In addition, we report
on a survey of cultivated and wild accessions with a
probe derived from the I locus and show the apparent

changes that have taken place during evolution and
domestication.

MATERIALS AND METHODS

Plant material and phenotyping at the I locus: A recombi-
nant inbred (RI) family and an F2 population were used in this
project. The RI family of 76 lines has been described elsewhere
(Vallejos et al. 2000) and was used here for low-resolution
mapping. The F2 population [Calima (ii) 3 Jamapa (II)] of
3056 individuals was analyzed for high-resolution mapping of
the I locus and neighboring marker loci. Parents and F2

individuals were phenotyped on the basis of their response
to inoculation with the potyvirus. Inoculation of homozygous
recessive (ii) plants with BCMV causes systemic mosaic,
whereas a healthy phenotype results when the dominant allele
(I-) is present. However, development of systemic mosaic can
take a significant period of time, and phenotypic classification
can sometimes be ambiguous, requiring verification through
back inoculation tests on a reporter genotype at high temper-
atures. To increase the efficiency and accuracy of phenotypic
classification at the I locus, the F2 population was inoculated
with the NL3 strain of BCMNV. This strain induces necrotic
lesions and systemic necrosis within a week after inoculation
of plants carrying the dominant allele (I-) (Figure 1A) and
systemic mosaic in homozygous recessives (ii) (Figure 1B).
The F2 population was planted in 72-well trays and germinated
in Conviron E15 growth chambers (Conviron, Pembina, ND)
at 25�/18�with a 14-hr photoperiod. One of the primary leaves
of 2-week-old seedlings was rub inoculated with the NL3 strain
of BCMNV. Plants that developed local necrotic lesions 3–4
days after inoculation and died of systemic necrosis within
10 days were assumed to be either II or Ii, while plants that
survived and developed systemic mosaic were classified as ii.

Genotypes that belong to each of the BCMV differentials
described by Drijfhout (1978) were examined by DNA gel
blot analysis. The first subgroup of seven differentials have
different allelic combinations of the recessive resistance genes
(bc-u, -1, -2, and -3 genes), but all have the ii genotype and
develop systemic mosaic after inoculation with the NL3 strain
of BCMNV; from groups 1–7, they include: Calima, Imuna,
Great Northern 123, Red Mexican 34, Red Mexican 35, Pinto
UI 114, and IVT 7214. The second subgroup also has different
combinations of the recessive resistance genes, but has the II
genotype. Jamapa and Widusa belong to group 8 and Top
Crop, Amanda, and IVT7233 belong to groups 9, 10, and 11,
respectively. Other genotypes subjected to DNA gel blot anal-
ysis are Stringless Green Refugee (ii), Corbett Refugee (II),
BTS1 (II) and BTS2 (ii), and Sutter Pink (ii).

The wild accessions were obtained from the Plant Genetic
Resources Unit of the International Center for Tropical Agri-
culture (CIAT). Following is a list of the accessions with the
CIAT entry number, location, and the coordinates of the col-
lection: G2771 from Jomulco, Nayarit, Mexico (M1) at 21�
109 N and 104� 229 W; G9989 from Mascota, Jalisco, Mexico
(M2) at 20� 309 N and 104� 499 W; G10002 from Ixcateopan,
Guerrero, Mexico (M3) at 18� 249 N and 99� 469 W; G11053
from Ixtlahuacan del Rio, Jalisco, Mexico (M4) at 20� 519 N
and 103� 169 W; G19908 from San Miguel Duenas, Sacatepe-
quez, Guatemala (G1) at 14� 329 N and 90� 509 W; G23438
from San Pedro Pinula, Jalapa, Guatemala (G2) at 14� 419 N
and 89� 489W; G21245 from San Miguel, Cajamarca, Peru (P1)
at 7� 79 S and 78� 479 W; G23419 from Tarma, Junin, Peru (P2)
at 11� 149 S and 75� 329 W; G23458 from Paruro, Cuzco, Peru
(P3) at 13� 499 S and 71� 519 S; and G19894 from Trancas,
Tucuman, Argentina (A) at 26� 259 S and 65� 289 W.
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BAC library screen: The P. vulgaris BAC library (Vanhouten

and Mackenzie 1999) used in this project was constructed
with genomic DNA from the cultivar ‘‘Sprite’’ (II). The library
has 4.5 genome equivalents and an average insert size of�100 kb.
High-density filters containing the entire BAC library were
obtained directly from David Frisch (Clemson University
Genomics Institute, Clemson, SC). The library was screened
with 32P-labeled probes prepared using the Random Primer
labeling kit from Roche Molecular Biochemicals (Indianap-
olis), or by PCR (dATP 70 mm, dCTP 210 mm, dGTP 210 mm,
dTTP 210 mm, 50 mCi of [a-32P]dATP 3000 Ci/mmol in a 20-ml
reaction volume). Immediately following labeling, probes were
denatured by addition of an equal volume of freshly prepared
0.4 n NaOH, incubated for 5 min, and then added directly
to the hybridization buffer. Filters were prehybridized at 65�
overnight according to the protocol recommended by the
Clemson University Genomics Institute. Hybridization signals
were visualized by autoradiography with X-OMAT Kodak
(Rochester, NY) film.

Analysis of BAC clones: Escherichia coli strain DH10B car-
rying individual BAC clones was grown at 37� in LB medium
supplemented with 12.5 mg/ml of chloramphenicol. BAC
DNA was isolated from 6-ml overnight cultures using PSI clone
BAC DNA kit (Princeton Separations, Adelphia, NJ). Purified
BAC DNA was digested with NotI for 4 hr at 37�, and the insert
was resolved via CHEF electrophoresis (CHEF DR III; Bio-Rad
Laboratories, Hercules, CA). CHEF conditions were as follows:
1.2% agarose gels, 0.53 TBE, 14�, 6 V/cm, and a switch time of
1–10 sec for 15 hr.

Isolation and characterization of BAC ends: The termini of
BAC inserts were cloned into pBlueScript II as described
elsewhere (Plyler and Vallejos 2000) and were sequenced
at the DNA Sequencing Core Lab (Interdisciplinary Center of
Biotechnology Research, University of Florida, Gainesville,
FL) using the Applied Biosystems (Foster City, CA) model 373
system. Sequences of BAC termini were also obtained via direct
BAC-end sequencing.

PCR, and DNA and RNA gel blot analyses: Oligonucleotide
primers for PCR were selected with the on-line program
PRIMER 3.0 (Rozen and Skaletsky 2000; http://frodo.wi.mit.
edu/cgi-bin/primer3/primer3_www.cgi) and were synthe-
sized by Gemini Biotech (Alachua, FL), or Integrated DNA
Technologies (Coralville, IA). PCR amplifications using BAC
DNA templates were conducted as described elsewhere (Plyler

and Vallejos 2000) and were carried out in a GeneAmp 9600
thermocycler (Perkin-Elmer; Foster City, CA), or a DNA
Engine Thermal Cycler (MJ Research, Waltham, MA). Ampli-
cons were resolved by neutral agarose gel electrophoresis.

The insert of pBng45 was sequenced, and the following
primers were selected with PRIMER 3.0: Bng45F, 59-CAGACC
CATATTTAATCGCTCC-39; Bng45R, 59-CAAGTGGCCAGTAG
CACTAGG-39. These primers detected codominant alleles
and permitted complete genotypic classification (Figure 1C).
A101400, the RAPD marker amplicon that cosegregated with
the I locus, was isolated from an agarose gel, cloned into
pBlueScript II, and sequenced. The following locus-specific
PCR primers were designed and used for segregation analysis:
A101400F, 59-CAGAATTTTCAACCACTTAGTCTGC-39;A101400R,
59-TAATGACCTGATGACTTTTGAATCC-39. The PCR-based
marker for the right border of BAC12I02 was designed after
a BLASTX search of GenBank revealed significant similarity
between the terminal sequence and a phospholipid hydro-
peroxide glutathione peroxidase from several species, in-
cluding Cicer arietinum and A. thaliana (S ¼ 99–108, E ¼
4e�23–3e�20). To maximize the chances of detecting polymor-
phism between parents of the F2 population, Calima and
Jamapa, PCR primers were designed from regions that flanked
putative introns. The locations of introns were deduced from

discontinuities in the alignment of the conceptual translation
product of the bean sequence with the amino acid sequence
entries and from analysis with ‘‘SplicePredictor’’ trained on
Arabidopsis (http://deepc2.zool.iastate.edu/cgi-bin/sp.cgi).
The primers PhgpF (59-ACAGGAACCAGGAAGCAATG-39)
and PhgpR (59 TGAACAATTCACACCCGAGA-39) amplified a
1.1-kb fragment from both Calima and Jamapa. A cleaved
amplified polymorphism (Konieczny and Ausubel 1993)
between allelic amplicons was detected with PstI.

PCR-based marker analysis was conducted according to the
following procedures. Prior to inoculation, leaf disks were
removed by punching with the lid of microcentrifuge tubes.
DNA for PCR analysis was extracted according to Edwards

et al. (1991) or with the DNAzol procedure (Invitrogen, Carlsbad,
CA). Amplification reactions were carried out in a 20-ml vol-
ume containing 200 mm dNTPs, 1.5 mm MgCl2, 100 pM primers,
13 reaction buffer, 0.5 unitsTaqDNA polymerase, and 50–100 ng
of template DNA. Thermocycler conditions varied according
to the primers used. Amplicons were resolved by agarose gel
electrophoresis in Sunrise 96 electrophoresis equipment
(Invitrogen).

DNA gel blot analysis of BAC clones was carried out exactly
as described by Plyler and Vallejos (2000) and that of ge-
nomic DNA samples as described by Vallejos et al. (2000).
Poly(A)1 RNA was isolated as described by Vallejos et al.
(2000), and gel blot analysis was conducted according to Brown

and Mackey (1997).
Segregation and linkage analysis: The linkage relationships

between the I locus and other segregating marker loci were
analyzed with Mapmaker Exp. 3.0 (Lander et al. 1987; Lincoln

et al. 1992).
PCR amplification and cloning of TIR–NBS–LRR sequences:

BAC terminal sequences with significant similarities to the
TIR, NBS, and LRR motifs were aligned (ClustalX; Thompson

et al. 1997) with the tobacco N gene (Whitham et al. 1994) and
then merged in silico as a composite sequence. The terminus of
the SCAR A101400 amplicon that displayed similarity to the
amino terminus of the N gene was included in the composite.
Primer 3 (Rozen and Skaletsky 2000) was used to design PCR
primers from the composite sequence. The 59 primer was
located upstream from the putative start of translation, and
the 39primer was selected from the most extreme region in the
39-end of the composite.

RESULTS

Complete linkage was observed between the I locus
and a RAPD marker: Previous low-resolution mapping
with a recombinant inbred family of 76 lines had de-
tected no recombinants between the I locus and either
the marker locus Bng45 (Vallejos et al. 2000) or the
RAPD markerA101400 (Vallejos et al. 2001). To obtain a
more accurate estimate of the map distance between
these loci, we analyzed an F2 population of 1659 plants
arising from the cross between the susceptible Andean
genotype Calima (ii) and the resistant Mesoamerican
genotype Jamapa (II). Phenotypes controlled by the
I locus were obtained after inoculations with the NL3
strain of BCMNV. The observed segregation ratio at this
locus was 1382 I-:277 ii. The goodness-of-fit test (x 3:1

2 ¼
61.0, P # 0.001) indicated a significant deviation from
the expected Mendelian ratio with a deficit of homozy-
gous recessives. Similar deviations have been reported
for wide crosses in P. vulgaris. This phenomenon is most
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likely due to the partial compatibility/congruency of
the Andean and Mesoamerican genetic complements
interacting in the cross. Normal segregation ratios at
this locus have been reported for several segregating
populations obtained between closely related parents
(Ali 1950; Drijfhout 1978; Kyle and Dickson 1988;
Fisher and Kyle 1994).

The marker locus Bng45, originally mapped as an
RFLP probe (Vallejos et al. 1992), was converted to a
PCR marker to facilitate the screening of a large popu-
lation (Figure 1C). As anticipated, the segregation ratio
for this marker also deviated from expected Mendelian
ratios: [605 JJ:778 CJ:276 CC (x :2:1

2 ¼ 136.9, P, 0.001)].
A significant deficit of Calima alleles was detected. How-
ever, a contingency test indicated that the frequency of
genotypic classes was a reflection of the allelic frequen-
cies (x2 ¼ 0.84; d.f. ¼ 2). The segregation distortion did
not prevent us from detecting a few informative recom-
binants. Linkage analysis with Mapmaker 3.0 (Lander

et al. 1987; Lincoln et al. 1992) and Allard’s (1956)
tables estimated a map distance of 0.22 6 0.12 cM be-
tween I and Bng45.

RAPD markers usually behave as dominant, and this
was the case for the A101400 allele of Jamapa. This allelic
amplicon was converted into a sequence-characterized am-
plified region (SCAR) marker (Paran and Michelmore

1993) and was used to screen the entire F2 population.
No recombinants were detected between this SCAR
marker and the I locus. The tight linkage detected between
I and markers Bng45 and A101400 led us to investigate
the kilobase-to-centimorgan relationship in this region.

The I locus is associated with a cluster of TIR-bearing
sequences: The average relationship between physical
and map distances in the common bean has been esti-
mated at 530 kb/cM (Vallejos et al. 1992). According
to this estimate and results from our high-resolution
mapping, the physical distance between Bng45 and
I should be between 54 and 180 kb. Although the rela-
tionship between physical and map distances is known
to vary greatly throughout the genome (Dooner and
Martı́nez-Férez 1997; Wei et al. 1999; Fridman et al.
2000), it is also known that this relationship decreases
significantly near the telomeres (Gill and Friebe 1998).
Given the distal position of the I locus on chromosome
9 (formerly known as linkage group D; Pedrosa et al.
2003), the physical distance between these two loci was
expected to be closer to the lower end of the estimated
range. At this distance, the construction and alignment
of linkage and physical maps appeared feasible.

The P. vulgaris BAC library used in this project was
constructed by Vanhouten and Mackenzie (1999)
from Sprite, a cultivar that carries the dominant allele
I. The initial library screen with Bng45 identified two
overlapping BAC clones: 12I12 (�110 kb) and 25P23
(�125 kb). DNA gel blot analysis confirmed that both
clones shared a restriction fragment that hybridized to
Bng45, a single-copy marker locus. The four termini of
these BACs were subcloned and used as probes to iden-
tify the leading termini of the two-BAC contig (Plyler

and Vallejos 2000) and to rescreen the BAC library.
The leading terminus of 12I12 produced a hybridiza-
tion pattern typical of repetitive DNA and identified a
large number of clones in a BAC library screening. A
probe from the leading terminus of 25P23 hybridized
to a single fragment on genomic DNA gel blots and
identified a single BAC clone from the library, whereas
the overlapping terminus displayed a hybridization pat-
tern typical of a multigene family on genomic blots. A
similarity search in GenBank with the overlapping ter-
minus using BLASTX (Altschul et al. 1997) revealed
significant similarity (S ¼ 76; E ¼ 3e�21) to the LRR
region of disease resistance genes. In addition, one
terminus of the A101400 SCAR marker displayed signif-
icant similarity (S ¼ 171; E ¼ 6e�41) to the TIR motif
found in several disease resistance genes, including the
tobacco N gene (Whitham et al. 1994). These probes

Figure 1.—Phenotypes controlled by the I locus after inoc-
ulation with the NL3 strain of BNMV and genotypes of a
tightly linked marker. (A) Ten-day-old seedling of Jamapa
(II) showing local lesions and necrosis of the apical meristem
4 days after inoculation. (B) Three-and-a-half-week-old seed-
ling of Calima (ii) showing symptoms of systemic mosaic
2 1/2 weeks after inoculation. (C) Ethidium-bromide-stained
gel displaying the segregation of the codominant PCR-based
Bng45 marker from the F2 mapping population. The higher
molecular weight amplicon is the Jampa allele (J) and the low
molecular weight represents the Calima (C) allele.
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hybridized to the same three fragments in both 25P23
and 12I12. Further screening of the BAC library with
these probes identified .50 clones. The majority of them
were confirmed as true positives, as they revealed unique
hybridization patterns in DNA gel blots.

The detection of multiple cross-hybridizing BAC clones
indicated the presence of a multigene family, but did
not provide a clue about their genomic organization.
The linkage relationships of members of this family were
investigated via segregation and linkage analysis of a
small RI family that was generated with the same pro-
genitors of the large F2 population. DNA gel blot anal-
ysis of the RI family with the TIR probe revealed that
Jamapa (II) has approximately twice as many fragments
as Calima (ii) and that almost all of the TIR-hybridizing
Jamapa fragments cosegregate (Figure 2). These results
indicated that the I locus was associated with a cluster of
TIR-bearing sequences.

The I locus comprises a large cluster of TIR sequen-
ces and exhibits suppression of recombination: Low-

resolution mapping had indicated that most TIR
sequences cosegregated as a cluster, and this cluster
cosegregated with the resistance phenotype. To dissect
this cluster and identify informative recombinants that
could provide more precise information on the location
of the resistance gene, we implemented ‘‘pooled sample
mapping’’ (Churchill et al. 1993). To implement this
approach, we increased the original 1659-plant F2 pop-
ulation to a total of 3056 plants, assembled pools of
eight recessive homozygous (ii) individuals, and ana-
lyzed them by genomic gel blot hybridization with the
TIR probe. To test the limit of detection of our hybrid-
izations, we used artificial mixtures of Calima (ii) and
Jamapa (II) DNAs and were able to detect Jamapa-
specific fragments in mixtures that contained 31 parts
Calima DNA and 1 part Jamapa DNA. This is the equiv-
alent of having a single recombinant individual in a pool
of 16 plants. Not a single recombinant was detected after
examining the 483 homozygous recessive (ii) individu-
als found in the 3056 F2 plants (Figure 3). These results

Figure 2.—Linkage analysis of the I locus and
the TIR multigene family. The DNA blot was
obtained with the following samples: l, lDNA
digested with HindIII, and EcoRI digests of
Calima (C), Jamapa ( J), and a subset of the RI
family (F10) generated from the cross [ Jamapa
(II) 3 Calima (ii)]. The blot was hybridized with
a P. vulgaris-derived TIR sequence. The Jamapa
haplotype shows complete cosegregation with
the dominant (II) allele-controlled phenotype.

Figure 3.—Pooled sample mapping to detect
recombinants within the cluster. Pools were con-
structed with EcoRI-digested DNA from eight F2

homozygous recessive segregants. DNA gel blots
of these pools were probed with a P. vulgaris
TIR probe. All 483 homozygous recessives from
an F2 population of 3053 plants were screened
with this procedure. No recombinants were
detected.
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indicated that recombination is suppressed within this
cluster.

To learn about the structure of this complex locus, we
arranged the selected BAC clones into contigs on the
basis of shared EcoRI restriction patterns, reciprocal
hybridizations with BAC-end-derived sequences, and
linkage analysis of single-copy sequences. A total of five
contigs were obtained. Of these, two adjacent contigs
mapped to the I locus and are depicted in Figure 4.
Although the BAC library was screened multiple times
with the internal leading termini of the adjacent con-
tigs, no new clones were detected. Attempts to close the
gap via long-range PCR with nested primers were not
productive, perhaps due to the repetitive nature of the
gap termini. A first approximation estimate of the lengths
of the adjacent contigs are 140 and 475 kb. The length
of the gap is unknown. The other three contigs each
had a single TIR-hybridizing fragment and mapped to
chromosomes 4, 5, and 9 (formerly known as linkage
groups A, C, and D; Pedrosa et al. 2003). The latter was
distantly linked to the I locus. All of the TIR-hybridizing
EcoRI fragments detected in genomic DNA blots are
accounted for in the BAC clones of the five contigs.

Two common points of reference are required for
a proper alignment of physical and linkage maps.
Accordingly, the short 140-kb contig was aligned to the
linkage map through the Bng45-I pair. The 475-kb contig
contained part of the TIR cluster and required a second
point of contact for proper alignment. The second point
was a PCR-based marker for the Phgp locus. This marker
was developed from the right terminus of BAC 12I02,
a BAC clone that contained distal copies of the TIR
cluster. A single recombinant plant was detected among
the susceptible class of the entire F2 population, placing
Phgp at 0.1 cM from the cluster (Figure 4). This map
distance represents no more than 60–70 kb. To further
strengthen this alignment, we included Bng17 in our
analysis. This is the most distal RFLP marker on this end of
chromosome 9 and had been mapped to �3.0 cM from

Bng45 (Vallejos et al. 1992). We hybridized the contig
BAC clones with Bng17. Both BAC clones 2E24 and
49O08 (not shown) displayed a single Bng17-hybridizing
fragment (data not shown), indicating the inclusion of
this maker locus in the contig.

Rare recombination events between Bng45 and the
TIR cluster within BAC 12I12 and between the cluster
and Phgp within BAC 12I2 mark the limits of the I locus.
These results show that the I locus comprises a cluster of
TIR sequences distributed over a distance in excess of
425 kb where recombination is suppressed. These results
also raise the possibility that one of the TIR sequences in
the cluster may be responsible for resistance to BCMV.

TIR sequences in the I-locus display consensus
motifs of TIR–NBS–LRR disease resistance genes: To
assess the complexity of the I locus, we examined the
terminal sequences of BAC clones from the I-linked
contigs. These sequences were obtained by sequencing
terminal subclones or by direct BAC-end sequencing.
Analysis of BAC termini with BLAST 2.0 (Altschul et al.
1997) revealed significant similarities to retrotransposon-
associated sequences (gag-pol, rt) or to the TIR, NBS, or
LRR domains found in several R genes (Martin et al.
2003). Some termini had no match in GenBank, were
ATrich, and yielded DNA gel blot hybridization patterns
typical of repetitive DNA.

To obtain direct evidence about the structural nature
of TIR-related sequences in the cluster, we used a PCR
strategy (see materials and methods) to amplify and
clone a few of these sequences. When individual BAC
clones were used as templates in the amplification reac-
tions, amplicons ranging in size from 3.7 to 4.5 kb were
obtained. Ten clones obtained with this approach were
sequenced and analyzed. Sequence comparisons iden-
tified two groups of four clones each, and two single-
clone groups. Some of the redundancy is probably due
to the fact that overlapping BACs were used as tem-
plates. Multiple alignment of the conceptual translation
products of these sequences in the proper frame with

Figure 4.—Alignment of the
linkage and physical maps consti-
tuting the I locus. BAC clones in
the BAC-based contig are drawn
to scale. The blue and green marks
indicate the left and right borders,
respectively. The left and right
borders correspond to the T7
and SP6 sides of the cloning site.
The red marks represent TIR-
hybridizing fragments, except
those located terminally, where a
red mark can represent a TIR-,
NBS-, or LRR-related sequence.
Magenta marks represent single-
copy sequences. The boundaries
of the I locus were established by

the identification of recombination events between Bng45 and the TIR cluster on one side and between the TIR cluster and Phgp
onthe opposite side. Recombination was found to be suppressed within the I locus, which occupies�.425 kb. The empty box represents
a gap in the contig.
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the tobacco N gene showed that they have similar struc-
tural organization with the TIR domain at the amino
terminus, followed by the NBS domain and the LRR
domain at the carboxyl end (Figure 5, A–C). The TIR
domains show the three consensus motifs detected in
the family of TIR–NBS–LRR disease resistance genes
(Meyers et al. 1999). The TL7923 clone has a deletion
of 14 nucleotides that includes the apparent start of
translation; however, it is possible that the next methi-
onine at position 10 may be used as the start codon. The
NBS domain of these sequences carries the three typical
functional motifs (P-loop/Kin-1, Kin-2, and GLPL). Five
other motifs can be recognized in the NBS domains: two
TIR-specific motifs, the pre-P loop, and R-NBS-A–TIR,
along with the other three motifs found in the NBS su-
perfamily of disease resistance genes: R-NBS-B, -C, and -D.
Finally, analysis with the Pfam database (Bateman et al.
2004) detected several LRR-1-type repeats in the LRR
domain. This sequence analysis of contig-derived sub-
clones provides evidence that a cluster of genes that
belong to TIR–NBS–LRR family of R genes resides
within the I locus.

A calculation of the rate of synonymous (Ks) and non-
synonymous (Ka) nucleotide substitutions (K-Estimator
6.0; Comeron 1999) in deduced coding domains of the
clones depicted in Figure 5 shows that the averageKa/Ks

ratio is not uniform throughout the sequences. While
the average ratio of the TIR domains is 0.53 ½coefficient
of variation (CV)¼ 14%�, that of the NBS domains is 1.38
(CV ¼ 23%). These ratios indicate that the TIR domains
are under intense purifying selection, while the NBS do-
mainsareunderdiversifying selection.Ratioswerenotcal-
culated for the LRR domain because they were not
complete sequences and displayed several indels. Never-
theless, an extensive number of substitutions can be
observed.

BCMV-resistant and susceptible bean lines display
distinct haplotypes at the I locus: ‘‘Corbett Refugee’’
was the first bean line carrying the dominant allele at
the I locus (Pierce 1934). This line was derived from
‘‘Stringless Green Refugee,’’ a line associated with the
Andean gene pool. Since then, many breeding pro-
grams in the United States and around the world have
incorporated that resistance into different breeding lines
and cultivars. To test whether lines listed as carrying the
dominant resistance possessed similar haplotypes, we
selected and analyzed a representative from each of the
11 groups of BCMV differentials identified by Drijfhout

(1978). These differentials have different combinations
of recessive resistances and are divided into two major
groups on the basis of the allele found at I. Figure 6A
shows that all bean genotypes with the dominant allele
at I share the same haplotype, while cultivars with a
recessive allele have approximately half as many TIR-
hybridizing fragments as the resistant lines and display
some variation among them. In addition, Figure 6B shows
that all I-bearing cultivars share the same Bng45 allele

not found in any of the BCMV-susceptible cultivars. These
results strongly suggest that all resistant lines ultimately
received the resistance allele from a single source.

In 1983, R. Provvidenti from Cornell University re-
ported variation in resistance to BCMV in the Meso-
american land race ‘‘Black Turtle Soup,’’ which was
being grown in upstate New York. Two selections were
made: BT1with a monogenic dominant resistance gene
and the BMCV susceptible BT2. A test conducted by
Kyle et al. (1988) showed that the resistance in BT1 and
that derived from Corbett Refugee are allelic. This dis-
covery has led bean breeders and geneticists to formu-
late the hypothesis that a dominant allele for resistance
to BCMV has arisen independently in the Andean and
Mesoamerican gene pools. To test this hypothesis, we
compared the Pv–TIR hybridization profiles of these
two pairs of lines (BT1/BT2 and SGR/CR). Such com-
parison revealed that Corbett Refugee and BT1 shared
identical hybridization patterns, which were distinct
from those of their susceptible counterparts, ‘‘Stringless
Green Refugee’’ and BT2, respectively (Figure 7A).
Furthermore, Sprite and Jamapa share the same haplo-
type as Corbett Refugee and BT1. Interestingly, Sprite,
which was used for the construction of the P. vulgaris
BAC library (Vanhouten and Mackenzie 1999), is asso-
ciated with the Andean pool, and Jamapa, the resistant
parent used in our mapping population, is a landrace
associated with the Mesomerican pool. Once again, the
susceptible lines showed simpler but distinct hybridiza-
tion patterns. To test this hypothesis further, we com-
pared the Bng45 marker locus alleles of lines carrying
the dominant allele and found that all have the same
allele, while the susceptible lines have one of two other
different alleles (Figure 7B). These results strongly sug-
gest that the dominant allele arose only once, and most
likely in the Mesoamerican gene pool.

The I locus has undergone tandem duplications
during evolution and domestication: Although at pres-
ent the exact identity of the resistance gene within the I
locus is unknown, the number of TIR sequences within
the locus could be used as an indicator of its complexity.
The susceptibility alleles displayed in Figures 6 and 7
have almost half as many TIR copies as the resistance
allele and therefore appear to be less complex, yet show
some variation. To investigate the changes this locus
may have undergone during evolution and domesti-
cation, we examined the TIR hybridization patterns
of a few wild accessions collected between northern
Argentina and northwestern Mexico. Figure 8 shows a
latitudinal gradient in copy number with increasing
complexities in accessions from more northern lati-
tudes. Furthermore, during contig assembly of BAC
clones we detected one multiple-copy locus (I) and
three independent single-copy loci. The presence of
only two to three TIR-hybridizing fragments in the
South American accessions suggests that ectopic dupli-
cations have occurred during the evolution of this gene
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family. The results presented here indicate that the I
locus has undergone considerable expansion through a
series of tandem duplications (Leister 2004) during
evolution and domestication and that this TIR family
may have also increased through ectopic duplication.

Viral infections induce distinct patterns of I-locus
gene expression in susceptible and resistant genoytpes:
Aside from the retrotransposon related sequences, the
TIR sequences were the only other coding sequences
detected within the I locus via direct BAC-end sequenc-
ing or hybridization. To determine whether a member
or members of the gene cluster display different pat-
terns of gene expression between the susceptible and

resistant beans, and whether the patterns change in
response to inoculations with BCMV (NL1) or BCMNV
(NL3), we examined the transcript levels of these se-
quences via RNA gel blot analysis. RNA blots were
prepared with poly(A)1 RNA isolated from the primary
leaves of 10-day-old seedlings 3 days after inoculation. At
this time, plants with the dominant allele ( Jamapa, II)
were just beginning to develop necrotic lesions that
were not easily recognizable. Inoculations with sterile
water were used as controls.

Hybridizations with the TIR probe showed that tran-
scripts of this gene family accumulated in response to
inoculation with BCMV or BCMNV in both the suscep-
tible and the resistant plants (Figure 9). However, BCMNV

Figure 5.—Multiple alignments of the deduced amino acid sequence of several P. vulgaris sequences from the contig and that
from the N. glutinosa N gene (Q40392). Included in the alignments are four bean sequences (TL) derived by PCR from contig
BACs (TL5591F, DQ002472; TL5591R, DQ002471; TL5601, DQ00242468; TL7923, DQ002469; and TL7930, DQ002470), a ter-
minus of the A10.1400 SCAR amplicon (DQ00242476) and three BAC termini (B07O10L, DQ002474; B25P23R, DQ002473; and
B49O02L, DQ002475). Alignments of the TIR domains (A), the NBS domains (B), and the LRR domains (C).

Figure 6.—DNA gel blot analysis of BCMV differentials. l,
lDNA digested with HindIII. Each lane has EcoRI-digested
DNA from a representative for each of the 11 groups of differ-
entials to BCMV strains. These differentials can be divided into
two groups on the basis of the alleles that they have at the I
locus. (A) TIR probe for the following bean genotypes: 1, Cal-
ima; 2, Imuna; 3, Great Northern 123; 4, Red Mexican 34; 5,
Red Mexican 35; 6, Pinto UI 114; 7, IVT7214; 8, Jamapa; 9,
Widusa; 10, Top Crop; 11, Amanda; 12, IVT7233. (B) Same
blot as in A reprobed with Bng45.

Figure 7.—DNA gel blot of analysis of putative indepen-
dent sources for the I gene and their respective BCMV suscep-
tible background. l, lDNA digested with HindIII. Bean DNA
samples were digested with EcoRI. Cultivar list: 1, Sutter Pink;
2, Calima; 3, BT2; 4, Stringless Green Refugee; 5, Corbett Ref-
ugee; 6, BT1; 7, Jamapa; 8, Sprite. DNA samples were digested
with EcoRI and (A) hybridized with a Pv-TIR probe or (B) hy-
bridized with Bng45.
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appeared to exert a stronger effect in both genotypes.
The major difference between susceptible and resis-
tant beans was in the number of different transcripts de-
tected in the latter. This transcript diversity could be due
to the expression of different family members, the prod-
ucts of alternative splicing, or a combination of both.

Disease resistance mediated by members of the TIR–
NBS–LRR class of disease resistance genes, such as the
tobacco N gene, require the expression of WRKY, a
transcription factor (Chen and Chen 2000; Liu et al.
2004). Members of the WRKY superfamily of plant-

specific transcription factors are known to be associated
with the expression of plant defense responses (Eulgem

et al. 2000). During analysis of BAC-end sequences, we
came across a sequence that bore significant similarity
(S ¼ 211; E ¼ 6e�53) to a member of the WRKY super-
family of transcription factors. This sequence was detected
in a BAC clone containing a sequence for a single-copy
TIR locus on chromosome 4. RNA gel blot analysis
indicated that an �0.8-kb WRKY transcript accumulated
in response to BCMV inoculation, with a stronger effect
induced by BCMNV. As a point of reference, we hybrid-
ized an RNA gel blot with a mungbean chlorophyll
a/b-binding (CAB) protein probe (Thompson et al.
1983). The CAB transcripts appeared to be at relatively
high levels in all samples, except in the bean genotype
with the dominant allele (Jamapa, II) inoculated with
BCMNV. Although necrotic lesions were incipient at the
time of sampling, transcripts of photosynthesis-related
sequences had begun to disappear. Changes in the level
of expression of TIR transcripts in response to inocu-
lations with BCMV and BNMV and those of the related
transcription factor strongly suggest that members of
the TIR gene family may be involved in the defense
response against the BCMV/BCMNV complex.

DISCUSSION

The I locus comprises a cluster of TIR–NBS–LRR
sequences: Aligning linkage and physical maps of the I
locus and closely linked loci has shown that this re-
sistance locus is relatively large, encompassing .450 kb.
Sequence and DNA blot hybridization analyses have
also shown that in addition to several retrotransposon-
related sequences, multiple copies of a TIR–NBS–LRR
gene family are present within the locus. This raises the
possibility that a member of this gene family may be re-
sponsible for imparting resistance to BCMV. Moreover,
different copies may be responsible for the different
resistance specificities detected at this locus. However,
even though all the TIR-hybridizing fragments detected

Figure 8.—DNA gel blot of analysis of wild P. vulgaris acces-
sions. DNA samples were digested with EcoRI. The following
samples were included in the blot: l, lDNA digested with Hin-
dIII; C, Calima; J, Jamapa; M1, Nayarit, Mexico; M2, Jalisco,
Mexico; M3, Guerrero, Mexico; M4, Jalisco, Mexico; G1, Saca-
tepequez, Guatemala; G2, Jalapa, Guatemala; P1, Cajamarca,
Peru; P2, Junin, Peru; P3, Cuzco, Peru; A1, Tucuman, Argentina.
All the wild accessions developed systemic mosaic after inoc-
ulation with BCMV or BCMNV.

Figure 9.—RNA gel blot analysis. The primary
leaves of 8-day-old seedlings of Calima (C) and
Jamapa (J) were inoculated with (a) sterile water;
(b) NL-1, a strain of BCMV; and (c) NL-3,
a BCMNV strain. Leaf samples were harvested
3 days post-inoculation. Each lane contained
2 mg of poly(A)1 RNA. Agarose gels were stained
with SYBR-gold to show approximately uniform
loading of samples. Northern blots were hybrid-
ized with P. vulgaris clones of TIR and WRKY se-
quences and pMB123, a mung bean clone of the
CAB-binding protein.
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in genomic DNA blots from Sprite are accounted for in
the BAC clones of the assembled contigs, one cannot
discard the possibility that the resistance phenotype(s)
could be controlled by heterologous disease resistance
genes present in the locus but not detected so far due to
the gap in the physical map and the lack of a complete
sequence of the resistance haplotype.

Comparisons among a few TIR–NBS–LRR paralogs
within the I locus showed variation among them. This
is in agreement with the general observation that in-
creases in copy number of a given sequence lead to
increased sequence diversity (Baumgarten et al. 2003).
However, this pattern of variation was nonrandom. A
gradient of substitutions and indels was detected be-
tween the amino and carboxyl ends of the deduced
amino acid sequences. The average Ka/Ks ratios in-
dicated that while the TIR domain is under purifying
selection, the NBS domain is under diversifying selec-
tion. The LRR sequences were incomplete, but clearly
showed a much higher degree of variation, including
several indels. These results clearly point out that at least
some of the TIR–NBS–LRR sequences in the locus have
been under selection pressure and it is very likely that
they play an active role in the defense mechanism.

Suppression of recombination at the I locus may
represent an adaptive strategy: A comparison of the
linkage and physical maps shows that recombination is
suppressed within the I locus and that the kilobase/
centimorgan relationship fluctuates almost 20-fold within
short distances in the immediate surroundings (Bng45-I:
350 kb/cM; I-Phgp: 700 kb/cM; and Phgp-Bng17: 40 kb/
cM). The most likely explanations for this phenomenon
are indels or inversions. For instance, it has been shown
that recombination can be reduced slightly by small
(1.2–3.3 kb) insertions (Dooner and Martı́nez-Férez

1997; Okagaki and Weil 1997) or severely by hemi-
zygosity, as is the case for the region surrounding the
apospory locus in Pennisetum squamulatum (Ozias-Akins

et al. 1998; Goel et al. 2003). The disparity in the number
of TIR-hybridizing fragments between the dominant
(I � 24) and recessive (i � 12) haplotypes suggests that
perhaps hemizygosity at this locus may be the cause for
suppression of recombination. However, one cannot
discard the role of inversions as has been documented
for the complex Mla locus of barley (Wei et al. 2002).
Future availability of resistance and susceptibility hap-
lotypes may shed light on the underlying mechanism.

Suppression of recombination has been reported not
only for disease resistance loci (Ganal et al. 1989; van

Daelen et al.1993; Wei et al.1999; Chin et al.2001), but also
for natural populations of Drosophila suboscura (Navarro-
Sabate et al. 2003), the mating-type chromosomes of
Neurospora tetrasperma (Merino et al. 1996), and the
evolution of sex chromosomes (Griffin et al. 2002).
Regardless of the underlying mechanism, the latter
examples have demonstrated that suppression of re-
combination can lead allelic haplotypes to different

evolutionary paths and foster increased diversity at the
affected loci.

Thus, the evolution of alleles that are unable to ex-
change genetic information can be seen in light of the
‘‘trench warfare’’ model for evolution of host-pathogen
interactions proposed by Stahl et al. (1999). According
to this model, natural selection maintains a dynamic
equilibrium between susceptible and resistant alleles
in a population. In fact, the majority of land races of
Mexican black beans represent mixtures of plants with
either the susceptible or the resistant allele at the I locus
( J. Acosta, National Bean Breeding Program of Mexico,
personal communication). This has been clearly doc-
umented by Provvidenti (1983). To understand how
selection maintains both alleles in these populations, we
can consider the cost of maintaining the resistance
allele. While the dominant allele practically confers
immunity to BCMV, it becomes a liability to the plant in
the presence of BCMNV as this virus induces systemic
necrosis leading to the death of the plant. In addition,
the dominant allele conditions the plant to develop
extreme symptoms when infected with BSMV, a member
of the Comoviridae family that has severely affected
bean production areas in Central America (Morales

and Castaño 1992; Morales and Singh 1997). In
summary, suppression of recombination at the I locus
may represent an adaptive mechanism supporting
balancing selection between susceptibility and resis-
tance alleles in landraces of Mexican black beans.

The I gene likely arose within the Mesoamerican
gene pool: It is very likely that Corbett Refugee was the
ultimate donor of the resistance allele found in Sprite,
as is the case for almost all cultivars bred for resistance
to BCMV. Thus, it is not surprising to find that Sprite
and many other bean cultivars developed in the United
States and Europe share similar haplotypes, as detected
via TIR hybridization of genomic DNA gel blots. But
it was surprising to find that the haplotype of Corbett
Refugee was identical to those of Jamapa and BT1, a
landrace and a selection from a landrace, respectively,
both belonging to the Mesoamerican gene pool. It is
widely believed in the Phaseolus community that the
resistance derived from Corbett Refugee is of Andean
origin because this cultivar was developed ‘‘from a single
mosaic resistant plant found in a heavily infected stand
of Refugee Green beans’’ (Pierce 1935, p. 876). The lat-
ter is associated with the Andean gene pool. The fact is
that Pierce did not develop the resistant line—he simply
reported that it was resistant to BCMV and that Ralph
Corbett had produced that line. There is no description
in the literature of how this resistant line was generated.
The complexity of the haplotype of the resistant allele
and the fact that all resistant beans associated with either
the Andean or the Mesoamerican gene pools share the
same allele at Bng45, a marker locus tightly linked to I,
clearly indicate that the resistance allele originated only
once, and most likely in the Mesoamerican gene pool.
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From analysis of certain repeats in the phaseolin
locus, Kami et al. (1995) concluded that wild P. vulgaris
accessions from northern Peru and the mountainous
regions of Ecuador are the most primitive accessions,
as they carry the ancestral phaseolin that was present
before the divergence of the Andean and Mesoamer-
ican gene pools. G21245 was one of the accessions used
by Kami et al. (1995) and was included in our analy-
sis. This accession, along with others from Peru and
Argentina, displays two TIR-hybridizing DNA fragments.
The fact that we were able to detect four unlinked TIR
loci in Sprite indicates that ectopic duplications have
taken place during the evolution of this species. Further-
more, increasing numbers of fragments observed in
northern latitudes, with a maximum observed in the
resistant allele, indicate that this gene family has been
in an amplification mode during both evolution and
domestication. One possible mechanism for this expan-
sion is unequal crossing over and recombination. This
phenomenon has been proposed for clusters of disease
resistance genes in tomato (Parniske et al.1997; Parniske

and Jones 1999) and proven to occur experimentally
with transgenic plants (Jelesko et al. 1999).

The TIR family at the I locus responds to virus in-
fections: Regardless of the identity of the gene respon-
sible for the resistance phenotype, our RNA gel blot
analysis indicated that members of this family play an
active role in the response to both BCMV and BCMNV.
The accumulation of TIR-bearing transcripts in Calima
(ii) and Jamapa (II) in response to inoculations with
either BCMV or BCMNV indicates that no matter what
the allele is at the I locus, plants can recognize and
respond to the presence of the virus. The higher levels
of transcript accumulation observed in response to
BCMNV may imply that this strain is more aggressive.
An independent line of evidence for the involvement of
TIR sequences in the response to BCMV/BCMNV was
provided by the accumulation of WRKY transcripts after
inoculations with these viruses. These transcripts are
required for the expression of N-mediated resistance to
tobacco mosaic virus in tobacco (Liu et al. 2004). Our
gene expression analysis has provided the strongest evi-
dence for the role that I-locus-associated TIR sequences
play in resistance to BCMV in beans.
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